There is concern about possible effects of disinfection by-products on reproductive outcomes. The purpose of this study was to evaluate the association between maternal exposure to chlorination by-products and the risk of delivering a small forgestational-age (SGA) neonate. Methods: We conducted a population-based case-control study in the Québec City (Canada) area. Term newborn cases with birth weights Ͻ10th percentile (n ϭ 571) were compared with 1925 term controls with birth weights Ն10th percentile. Concentrations of trihalomethanes and haloacetic acids in the water-distribution systems of participants were monitored during the study period, and a phone interview on maternal habits was completed within 3 months after childbirth. We estimated chlorination by-products ingestion during the last trimester of pregnancy and trihalomethanes doses resulting from inhalation and dermal exposure. We evaluated associations between chlorination by-products in utero exposure and SGA by means of unconditional logistic regression with control of potential confounders. Results: When total trihalomethanes and the 5 regulated haloacetic acids concentrations were divided into quartiles, no clear doseresponse relationship was found with SGA. However, increased risk was observed when haloacetic concentrations were above the fourth quartile and when either trihalomethanes or haloacetic acids concentrations were above current water standards (adjusted ORϭ 1.5 ͓95% confidence interval ϭ 1.1-1.9͔ and 1.4 ͓1.1-1.9͔, respectively). Inhalation and dermal absorption of trihalomethanes did not contribute to this risk, but a monotonic dose-response was found with haloacetic acids ingestion. Conclusion: Oral exposure to high levels of chlorination by-products in drinking water could be a risk factor for term SGA.
C hlorine is widely used as a drinking water disinfectant due to its efficacy and cost-effectiveness. However, it also reacts with natural organic matter present in water and leads to the formation of potentially toxic chemicals known as chlorination by-products. 1 Trihalomethanes and haloacetic acids are the 2 most prevalent chlorination by-products found in chlorinated drinking water. 2 Because of their potential carcinogenic properties, 3, 4 these chemicals are now regulated in North America and in several countries elsewhere, based on an annual mean of quarterly samples. 5, 6 Interest in the possible adverse reproductive effects of disinfection by-products is more recent. The first epidemiologic study on the topic was published in 1992. 7 Thereafter, several studies raised the specter of possible effects on fetal development. 8 -12 Although the results of epidemiologic studies conducted primarily on reproductive outcomes are rather inconsistent, the available evidence suggests a positive association between exposure to chlorination by-products and intrauterine growth restriction. 11, 12 However, because of severe limitations regarding exposure assessment in particular, the epidemiologic data remain inconclusive, and further studies with improved personal exposure assessment have been recommended. [11] [12] [13] Due to important spatial and seasonal variations of chlorination by-products within and between distribution systems, the use of regulatory measurements of these compounds in drinking water is not considered adequate to assess exposure within a short-time window. 14 -16 Consideration of personal water consumption is also important, as are the frequency and duration of showers and baths, because volatile trihalomethanes (unlike haloacetic acids) are easily absorbed by inhalation and dermal contact. 17, 18 The possible effect of chlorination by-products on reproductive outcomes is supported by laboratory studies on animals. 8, 9, 19 Trihalomethanes have not been found to be teratogenic, but severe maternal and fetotoxic effects have been observed at high doses with reduction of fetal body weight and survival. 8 Retarded fetal development and reduced fetal weight, length, and size have been found in pregnant rats, mice, and rabbits subjected to high-dose exposure to chloroform, 9 normally the most abundant trihalomethane. Haloacetic acids have been linked to several fetal malformations; in utero exposure to dichloroacetic acid and trichloroacetic acid (the main haloacetic acids) has also been associated with reduced weight of pups. 9 Fetal growth is an important public health concern because of its strong relationship to infant morbidity and mortality. 20 Moreover, mounting evidence suggests that babies with growth restriction at birth might be more prone to developing important diseases during adulthood, such as type 2 diabetes, hypertension, metabolic syndrome, and coronary heart disease. 21 Although smoking is a well-recognized risk factor, few other environmental risk factors for fetal growth have been studied. 22, 23 Considering the prevalent exposure to chlorination by-products and their toxic potential, we focus here on this possible effect.
The purpose of this study conducted in the Québec City area was to evaluate the association between residential exposure to chlorination by-products (eg, trihalomethanes and haloacetic acids) and fetal growth restriction. The design of the study considered temporal and spatial variations of chlorination by-products in water distribution systems and the multiple pathways of maternal exposure to trihalomethanes during pregnancy.
METHODS

Study Design and Population
We conducted a population-based case-control study in the greater Québec City area (covering some 650,000 inhabitants). It includes the 16 water distribution systems serving the populations of Québec City and the city of Lévis. Among these systems, 9 are supplied by surface water sources and 7 by groundwater sources. All use free chlorine for primary or secondary disinfection, but differ in water source, water treatment processes, population served, system size, and hydraulic conditions.
The study population includes all singleton infants born between August 2006 and April 2008 to women residing in the areas served by the selected facilities. The Commission d'accès à l'information du Québec (the Quebec office for access to information) gave permission to access selected nominal information from the birth certificates of children born to mothers living in the study area shortly after their birth. Cases and controls were selected using information recorded on these birth certificates. To be eligible for the study, the women had to be aged 16 years or older and have resided in no more than 2 residences in the study area during their entire pregnancy. Additionally, they should not have resided away from their residence for more than a month during their pregnancy.
Definition of Cases and Controls
Cases were term small-for-gestational-age (SGA) singletons born at 37 completed weeks or more of pregnancy to women living in the targeted study area during the 23-month recruitment period. A case of SGA corresponds to a neonate weighting less than the sex-specific 10th percentile of weight for gestational age, according to the Canadian sex-specific standards of birth weight for gestational age. 24 Three controls per case were randomly selected from the live birth database with frequency matching on period of birth. We defined a control as a singleton term infant born the same calendar week as the case with a birth weight at or above the 10th percentile sex-specific weight for gestational age. 24 Because participation was slightly higher for controls, the ratio of controls to cases was 3.4.
Interview of Cases and Controls
An interviewer contacted potential participants by telephone to verify their eligibility and seek their participation. A computer-assisted telephone interview of participants lasting approximately 30 minutes gathered detailed information on all independent variables (water-use behavior and risk factors for SGA), as well as information on the birth outcome (infant weight, duration of pregnancy). In the event of any discrepancies in case status between a mother's interview and a birth certificate, medical records were checked, and corrections were made based on medical records (this was necessary for 3 cases). The participation rates were 91% for eligible cases and 93% for eligible controls. The median time lag for completing an interview after birth was 9.1 weeks for cases and 9.3 for controls. Interview data were available for a total of 571 cases and 1925 controls.
Exposure Assessment
The chlorination by-products exposure of participants was based on assessment of the chlorination by-products concentration in the tap water at the participant's residence, ingestion of trihalomethanes and haloacetic acids, and multiroute exposure to trihalomethanes expressed as total absorbed dose (g/d). Because the last trimester is usually considered to be the critical period of exposure for intrauterine growth retardation, 7,25-28 it was the main focus of our exposure assessment. However, exposure during the other trimesters of pregnancy was also evaluated.
Chlorination By-products Data Collection
Sampling campaigns tailor-made for the study were conducted from April 2006 to April 2008. We carried out monthly sampling campaigns for trihalomethanes and haloacetic acids measurements at 46 sites distributed in the 9 surface water systems and 7 sites for the 7 systems supplied by groundwater (one site per system). The strategy used to select the sampling sites in the surface-water systems was based on system characteristics influencing the spatial variability of chlorination by-products. Each system was divided into subsystems according to water supply infrastructure (supplied directly by the treatment plant or through a rechlorination station or a tank). Then, at least one sampling site was located in each subsystem. Details on sampling and analytic procedures are provided elsewhere. 29 Briefly, water samples were collected according to standard procedures after 5 minutes of flushing and were stored at 4°C. Analyses of the 4 trihalomethanes (chloroform, bromodichloromethane, chlorodibromomethane, and bromoform) and 9 haloacetic acids (monochloroacetic, dichloroacetic, trichloroacetic, monobromoacetic dibromoacetic, tribromoacetic, bromochloroacetic, dibromochloroacetic, and bromodichloroacetic acids) were carried out in accordance with EPA method 524.2 30 and EPA method 552.2, 31 respectively. Internal and external quality controls were conducted during the study.
Chlorination By-products Concentration in Tap Water of Participants' Residences
The strategy to estimate the concentration of chlorination by-products at each participant's residence for each trimester of pregnancy considered the spatial and temporal variability of these compounds. For the spatial aspects, the closest sampling sites located in the participant's subsystem were selected. For the temporal aspect, samples taken within or close to the trimester under study were selected. We estimated chlorination by-product concentration by calculating the mean of all these samples with specific weighting factors (see eAppendix 1 http://links.lww.com/EDE/A560 for details). A validation study was conducted on a subsample of participants (n ϭ 115) during the summer of 2008 to validate the strategy used to spatially assign trihalomethanes and haloacetic acids data (from the sampling campaign) to a participant's residence. For each system included in the validation study, no statistical difference (P Ͻ 0.05) was found between total trihalomethanes and total of the 9 haloacetic acids levels measured on samples taken at the tap of the residences compared with those estimated with our strategy (data not shown).
Ingestion of Chlorination By-products
The doses (expressed in g/day) of chlorination by-products absorbed by each participant via ingestion during a typical day of the last trimester of pregnancy were calculated for each trihalomethane and haloacetic acid by multiplying the daily ingested volume from various water sources (ie, cold and hot beverages) with the estimated chlorination by-products concentrations in the ingested water during this trimester. We used information reported by the participants during the interview regarding sources of water consumed (ie, bottled water from private source, cold or hot water from public distribution system) and particular water handling (ie, filtering, boiling, storage in fridge) to adjust the chlorination by-products concentration in water actually ingested. The chlorination by-products concentration in water serving the participant's residence was corrected by applying factors (see factors in eAppendices 2 and 3, http://links.lww.com/EDE/A560) derived from a literature review and researchers' experience.
Assessment of Multiroute Exposure to Trihalomethanes
Intakes from inhalation and dermal absorption (expressed as g/d) during one typical 24-hour day of the last trimester were calculated and added to the previous estimated ingested dose using a physiologically based toxicokinetic model. The details of this model are described in a previous paper published by our team. 18 This model was adapted for SAS, for each trihalomethane, and took into account the increase of body weight and body surface during pregnancy. Such modeling considers simultaneous multiroute exposure and also allows estimating the specific contribution of each pathway (dermal, ingestion, and inhalation) to total absorbed dose of trihalomethanes. More specifically, simulations accounted for dermal exposure during showering or bathing, and 24-hour inhalation of ambient air (from the bathroom during showering or bathing and from the rest of the house otherwise). Self-reported information on duration and frequency of showering and bathing was used to estimate the average time spent in the bathroom per day. Showering and bathing were regarded as equivalent activities by the model. We used trihalomethanes concentrations in water serving the participant's residence as input for the models. From these water concentrations, volatilization models (based on the work of McKone and Knezovich 32 and integrated into the toxicokinetic modeling) served to predict trihalomethanes concentrations in the air in the bathroom and in the rest of the house. Given uncertainty about reported information on room sizes, the standard parameters fixed by Haddad et al 18 were used for all simulations. Finally, exposure of each participant was expressed as total (ingestion ϩ inhalation ϩ dermal) absorbed dose (g/day).
Potential Confounders
The following variables documented during the interview were considered: maternal age, maternal ethnicity, maternal education, annual household income, working status, marital status, prepregnancy body mass index, parity, history of chronic disease, medical problem during pregnancy, active and passive maternal smoking throughout the pregnancy, coffee and alcohol consumption, and risky occupational exposure.
Statistical Analysis
We analyzed the data using the SAS software package, version 9.1 (SAS Institute Inc., Cary, NC). 33 Exposure was categorized primarily by quartiles of exposure of the Epidemiology • Volume 23, Number 2, March 2012
Small-for-gestational-age and Chlorination control groups. Other categorizations were based on current chlorination by-products drinking water standards. 5, 6 Most of the analyses considered the effect of total trihalomethanes and total haloacetic acids (sum of the 5 regulated haloacetic acids or sum of the 9 measured haloacetic acids). The sum of brominated trihalomethanes was considered as an index of exposure, as well as the concentration of important species (chloroform, bromodichloromethane, dichloroacetic, and trichloroacetic acids). Separate models were constructed for each family of chlorination by-products (trihalomethanes and haloacetic acids) and for the different routes of exposure to trihalomethanes (ingestion vs. inhalation plus dermal absorption). Odds ratios (ORs) and their 95% confidence intervals (CIs) for association with the various indexes of exposure to chlorination by-products were determined using unconditional logistic regression models while controlling for possible covariates and for the calendar week of birth. All variables associated in univariate analysis with SGA (with P Ͻ 0.15) were included in the multivariate analyses. Tests for trend were based on a Wald 2 test conducted by assigning the median value to each level of a categorical variable and treating the variable on a continuous scale in a logistic regression model.
RESULTS
Characteristics of Participants
Most mothers were white and 25 to 34 years of age (Table 1) . Case mothers tended to be nulliparous, poorer, and less educated and had a lower body mass index. Chronic diseases were also more prevalent among case mothers than control mothers. Moreover, occurrence of preeclampsia or hypertension during the pregnancy was more frequent among case mothers. Active as well as passive smoking at home was reported about twice as often by case mothers as by control mothers. Consumption of coffee and alcohol during pregnancy was also more frequent among case mothers. For those who worked or studied, we asked about various occupational risk factors for SGA; these were reported with the same frequency by case and control mothers. Of the 571 case infants, 111 (19%) were low birth weight (Ͻ2500 g).
Water Exposure and Chlorination By-products Concentrations
Types of water consumption were very similar between case and control mothers ( Table 1) as was the quantity consumed for each type (eAppendix 4, http://links.lww.com/EDE/A560). Shower and bath frequencies were also similar between the 2 groups. Swimming pool attendance, especially indoors, was reported slightly more often by the control mothers (Table 1) . Modeled mean concentrations of chloroform, total trihalomethanes, and various species of haloacetic acids at the tap water at participants' residences during last trimester were slightly higher for cases than controls ( Table 2) . Correlations between chloroform or total trihalomethanes and total haloacetic acid (5 or 9 species) were high (Ն0.8). In particular, the Spearman correlation coefficient between total trihalomethanes and total haloacetic acids (5 species) was 0.86 (eAppendix 5, http://links.lww.com/EDE/A560).
Risk of Small Size for Gestational Age
No clear dose-response relationship was found between quartiles of chlorination by-products concentrations in tap water of the residences during the last trimester of pregnancy and term SGA (Table 3 ). However, we found an increase of risk for the highest quartile concentration for trichloroacetic acids and total haloacetic acids (5 or 9 species), as well as when chlorination by-products concentrations were dichotomized using either the current total trihalomethanes standard of 80 g/L (adjusted OR ϭ 1.5 ͓95% CI ϭ 1.1-1.9͔) or the current total haloacetic acids standard of 60 g/L (1.4 ͓1.1-1.9͔) ( Table 3 ). The associations with exposure to total trihalomethanes and total haloacetic acids were slightly lower when the 2 families of compounds were included in the same model and adjusted for each other. For example, for total trihalomethanes and total haloacetic acids concentrations above current standards, the ORs were: 1.3 (0.8 -1.9) and 1.2 (0.8 -1.8), respectively. When adjustment was provided for exposure during the previous 2 trimesters, the association with exposure to total trihalomethanes or total haloacetic acids during the last trimester was similar but with wider confidence intervals (data not shown).
The evaluation of the association accounting for multiroute exposure showed that most of the excess risks were explained by oral ingestion (Table 4 ). We found a slight excess risk for participants in the fourth quartiles of exposure for ingestion of chloroform, total trihalomethanes, and dichloroacetic and trichloroacetic acids. The highest ORs for the fourth quartile of exposure (in comparison with the first 
DISCUSSION
This study did not find a clear dose-response relationship between exposure to chlorination by-products during last trimester of pregnancy and the risk of SGA, using quartiles of concentrations as exposure categories. However, a slight excess risk was found for exposure above the fourth quartiles of concentrations and above the current drinking water standards. Moreover, using a multiroute exposure assessment, we found an increased risk of SGA for women at the highest quartile of ingestion of various chlorination by-product species, and a small dose-response associated with total haloacetic acids ingestion.
Our results are in line with those of the recent prospective study by Hoffman et al, 34 which found a risk ratio of 2.0 (95% CI ϭ 1.1-3.6) for total trihalomethanes levels Ͼ80 g/L in the third trimester and no clear risk using the quartiles categorization. Other published studies on intrauterine growth retardation and chlorination by-products exposure were summarized recently by Grellier et al (2010) . 12 Some very limited evidence was found for exposure to total trihalomethanes, with a small increase when levels were above 80 g/L (meta-OR ϭ 1.1 ͓95% CI ϭ 1.0 -1.2͔). However, important limitations of the reviewed studies were acknowledged by the authors, who recommended large and welldesigned epidemiologic studies with improved exposure assessment and control of relevant confounders. 12 Our study was initiated to address these limitations. In particular, our study used a population-based design and had a high rate of participation that precludes important selection bias in our case and control identification. Sample size was large, with statistical power to detect moderate effects. The best available science was applied to improve exposure assessment. Specifically, the temporal and spatial variability of chlorination by-products, important in the distribution systems under study, were taken into consideration using prospective water-quality monitoring and a strategy to assign chlorination by-products data to participants implemented especially for this study. Also, unlike previous studies addressing multiple pathways of exposure, 34, 35 we did not apply the same absorption coefficients for all subjects and instead used a pharmacokinetic model developed to predict the absorbed dose based on the physiological characteristics of our subjects. Likewise, we modeled the air concentration of trihalomethanes within participants' residences according to realistic hypotheses, 18 and our analyses considered all important risk factors for growth retardation, including active and passive smoking. Nevertheless, despite these improvements, there are study limitations that could have led us to underestimate the possible risk associated with in utero chlorination by-products exposure. Exposure habits were assessed through a questionnaire administered retrospectively, which may have introduced some exposure misclassification when evaluating multiple routes of exposure. The corrective factors used to account for particular water-handling habits were derived from limited studies. Moreover, despite improvements to the internal exposure assessment, our ability to model exposure to various trihalomethanes species remained limited due to the uncertainties associated with the model, especially for trihalomethanes other than chloroform. 18 All these measure-ment errors could partially explain why the multiple-routesexposure assessment did not provide higher ORs than the use of the simple concentration of chlorination by-products as a measure of exposure. Also, while SGA assessment is a method for evaluating growth retardation in epidemiologic studies, it is well known that SGA is a proxy for intrauterine growth retardation 36 and can lead to misclassifications of growth-retardation status.
Despite improvements in the study design and exposure assessment in particular, our study did not find a higher odds ratios for chlorination by-products exposure compared with previous studies. 12 Indeed, no increased risk was observed for chlorination by-products concentrations under the current US Environmental Protection Agency guidelines, with the exception of total haloacetic acids (5 species) above the fourth quartile (OR ϭ 1.4 ͓95% CI ϭ 1.0 -1.8͔). Laboratory studies on rodents found reproductive effects at high doses, but no studies had evaluated such low levels of exposure. Nevertheless, because more than 600 disinfection by-products have been identified 37 and very few have been evaluated for their reproductive toxicity, it is difficult to exclude possible biologic plausibility based on laboratory studies. Consistency of results among epidemiologic studies and increased relative risks at the highest exposure levels are the most robust arguments for a possible causal link. However, we found some discrepancies in comparison with previous studies. In particular, in comparison with the Hoffman et al study, 34 we did not find any increased risk related to absorbed doses of trihalomethanes with inhalation or dermal absorption. Also, despite some suspicion of a possible increase in risk for exposure to brominated trihalomethanes in previous studies, 34, 38 we did not find such a relationship. Unlike Hoffman et al, 34 our results for trihalomethanes and haloacetic acids were similar to each other. However, the 2 families of compounds were correlated in our own study, and we were not able to separate their individual effect. Nevertheless, in light of the consistent association with the oral route and a monotonic dose-response with haloacetic acids ingestion, our study provides some support regarding the effects of nonvolatile haloacetic acids. A few studies have evaluated the effects of haloacetic acids on SGA, but their results are not consistent. 39, 40 Our results support the hypothesis of a possible effect of chlorination by-products on fetal growth and their effect via the oral route during the last trimester. Present guidelines for chlorination by-products in drinking water are based primarily on their potential carcinogenic risk, and use an annual mean to monitor water concentrations. The results of the present study suggest the importance of taking into account the short-term exposure to chlorination by-products during pregnancy in evaluating and managing the potential public health impact of these exposures.
